The genome of Spodoptera exigua multicapsid nucleopolyhedrovirus (SeMNPV) was screened for the presence of putative origins of DNA replication (oris). Using a transient DNA replication assay, several fragments were identified that underwent SeMNPV-dependent DNA replication in Spodoptera frugiperda cells (Sf-AE-21). Preliminary sequence data revealed the presence of multiple copies of homologous repeats (hrs). Restriction fragment XbaI-F2 showed a distinct sequence reminiscent of Autographa californica and Orgyia pseudotsugata MNPV (AcMNPV and OpMNPV) non-hr oris. Deletion analysis of this fragment indicated that the essential sequences of this putative non-hr ori mapped within a region of 800 bp. Sequence analysis of this region showed a unique distribution of six different (im)-
Introduction
Damage by the beet army worm, Spodoptera exigua, causes severe economic losses in important agricultural crops in (sub)tropical regions and in greenhouse cultivation in more moderate climate zones. Recently, S. exigua multicapsid nucleopolyhedrovirus (SeMNPV) has been registered in several countries as a biocontrol agent for the beet army worm (Smits & Vlak, 1994) . Unfortunately, as for all baculoviruses, the speed of action of SeMNPV is relatively slow compared to chemical insecticides. It may take several days before virus infection reduces the feeding activity of the insects (Payne, 1988 ; . Nevertheless, SeMNPV is an attractive biocontrol agent, since it is relatively virulent for S. exigua larvae as compared to other baculoviruses that infect this insect (Gelernter & Federici, 1986 a ; Smits et al., 1988) .
Further improvement of the insecticidal properties of SeMNPV might be achieved by genetic engineering. InAuthor for correspondence : Just Vlak.
Fax j31 317 484820. e-mail just.vlak!medew.viro.wau.nl perfect palindromes, several polyadenylation motifs and the occurrence of multiple direct repeats. No sequence homology or similarities to other reported baculovirus oris were detected. The spatial and modular distribution of these motifs are similar to those of the non-hr oris of AcMNPV and OpMNPV. Comparison of baculovirus non-hr and consensus eukaryotic oris revealed no consensus ori but indicated that each of the non-hrs studied so far is unique. From the structural similarity, however, it was concluded that the SeMNPV XbaI-F2 ori represents a baculovirus non-hr type ori. In addition, evidence is provided that SeMNPV renders more specificity to baculovirus DNA replication than AcMNPV. troduction of insect specific neurotoxin genes (McCutchen et al., 1991 ; Stewart et al., 1991 ; Tomalski & Miller, 1991) into and the deletion of the ecdysteroid-UDP-glucosyltransferase gene (O'Reilly & Miller, 1991) from the genome of Autographa californica MNPV (AcMNPV) resulted in recombinant viruses which showed an increased speed of action and reduced feeding damage. In contrast to AcMNPV (Ayres et al., 1994) little is known about the genetic organization of the SeMNPV genome. Genetic modification of SeMNPV requires more detailed knowledge about the molecular genetics and replication mechanism of the viral genome. A detailed physical map has recently been constructed (Heldens et al., 1996 b ) and a few genes, e.g. coding for polyhedrin (van Strien et al., 1992) , p10 (Zuidema et al., 1993) and ubiquitin (van Strien et al., 1996) , have been identified and characterized. Information about the identity and genetic location of cis-and trans-acting factors involved in the replication of SeMNPV DNA is lacking.
In AcMNPV (Pearson et al., 1992 ; Kool et al., 1993 Kool et al., a, b, 1994 Leisy & Rohrmann, 1993 ; Lee & Krell, 1994) , Orgyia pseudotsugata MNPV (OpMNPV) (Pearson et al., 1993 ; , Choristoneura fumiferana MNPV (CfMNPV) (Xie et al., 1995) and Lymantria dispar MNPV (LdMNPV) (Pearson & Rohrmann, 1995) origins of DNA replication (oris) have been identified and characterized using an infection-dependent plasmid DNA replication assay. This assay is based on the resistance to digestion with the restriction enzyme DpnI of ori-containing plasmids that have been able to replicate in animal cells, in contrast to plasmids amplified in bacterial cells. Two types of ori have so far been recognized, designated as hr and non-hr (Kool et al., 1995) . Hrs contain 1 to 8 discrete 30 bp imperfect palindromic homologous repeats, which are interspersed along the genome (Cochran & Faulkner, 1983) and which also serve as enhancers of transcription (Guarino & Summers, 1986 ; Guarino et al., 1986) . The non-hr oris of AcMNPV and OpMNPV (Pearson et al., 1993) are more complex and unique. They contain ATrich regions, direct repeats and hr-unrelated palindromes. The non-hr ori of AcMNPV shows some distant structural homology to consensus eukaryotic oris (DePamphilis, 1993 ; . AcMNPV and OpMNPV trans-acting factors, required for ori activity in transient DNA replication assays, have been determined (Kool et al., 1994 c ; Ahrens & Rohrmann, 1995 b, c ; . Among these factors are a helicase, DNA polymerase, LEF1, LEF2, LEF3 and IE-1.
The genome of SeMNPV has been explored for the presence of oris. Two types of replicative motifs have been identified, hr and non-hr (Heldens et al., 1996 a) . The identification and analysis of the hr origins (R. Broer and others, unpublished results) will be described elsewhere. In this paper, we describe the characterization of a putative non-hr ori in the genome of SeMNPV and we discuss its relatedness to similar oris found in AcMNPV and OpMNPV.
Methods
Cells and virus. S. frugiperda (Sf-AE-21) cells (Vaughn et al., 1977) , S. exigua (Se-UCR1) cells (Gelernter & Federici, 1986 b) and S. exigua (Se-IZD2109) cells (B. Mo$ ckel & H. G. Miltenburger, unpublished results) were cultured in TNM-FH medium (Hink, 1970) , supplemented with 10 % foetal calf serum (FCS). The SeMNPV US-isolate (Gelernter & Federici, 1986 a) was used as wild-type (wt) virus. Routine cell culture maintenance and virus infection procedures were carried out according to published procedures (Summers & Smith, 1987 ; King & Possee, 1992) .
Plasmid construction. SeMNPV subgenomic fragments were cloned into pUC19 and transformed into Escherichia coli DH5α using standard techniques (Sambrook et al., 1989) . DNA isolation, restriction enzyme digestion, agarose gel electrophoresis and Southern blotting were carried out according to standard protocols (Sambrook et al., 1989) .
DNA replication assay.
The infection-dependent DNA replication assay was based on transfection of Sf-AE-21 cells with plasmids containing SeMNPV DNA sequences harbouring putative oris followed by infection with SeMNPV to provide the viral trans-acting factors necessary for plasmid replication. Plasmid DNA was subsequently isolated from the insect cells and assayed for resistance to DpnI digestion. Plasmid DNA amplified in E. coli DH5α (dam + ) is methylated at adenine residues. DpnI cleaves only DNA molecules that contain a methylated adenine residue in its recognition site (GATC). DNA that is amplified in insect cells does not contain methylated adenine residues and will therefore be DpnI resistant.
The DNA replication assay was performed essentially as described previously for AcMNPV replication (Kool et al., 1993 a, b) with slight modifications. In brief, Sf-AE-21 cells were plated onto 35-mm-diameter tissue culture dishes at a density of 2i10' cells per dish 24 h before transfection. Approximately 2 h prior to transfection the medium was removed from the cells and the cells were washed with TNM-FH medium without BSA and FCS. Cells were transfected with 1 µg of plasmid DNA using the calcium phosphate method (Graham & van der Eb, 1973 ; Summers & Smith, 1987) . After 4 h of incubation at 27 mC the medium was replaced with 2 ml TNM-FH medium supplemented with 10 % FCS. Sixteen hours after the transfection the cells were superinfected with SeMNPV (passage 1) at an m.o.i. of 2 TCID &! units per cell.
DNA analysis. SeMNPV-infected cells were harvested 72 h postinfection (p.i.) and total DNA was isolated as described by Summers & Smith (1987) . Half of the DNA was digested with the restriction enzyme HindIII to linearize the plasmid ; the other half was digested with HindIII plus DpnI to determine if plasmid replication had occurred. After agarose gel electrophoresis the DNA was transferred to Hybond-Nj nylon membrane (Southern, 1975) and hybridized with $#P-labelled pUC19 DNA (Sambrook et al., 1989) .
Sequencing. Both strands of overlapping DNA fragments were sequenced using an automated DNA sequencer (Applied Biosystems) using the dideoxy chain-termination protocol (Sanger et al., 1977) . Sequence analyses were carried out using the UWGCG computer programs (Devereux et al., 1984) .
Results

Insect cell line performance in virus-dependent DNA replication assay
To identify SeMNPV DNA sequences that can function as oris recombinant plasmids containing these sequences have to be transfected efficiently into cell lines which support SeMNPV replication. Two S. exigua cell lines, Se-UCR1 (Gelernter & Federici, 1986 b) and Se-IZD2109 (B. Mo$ ckel & H. G. Miltenburger, unpublished results) are permissive for SeMNPV replication, whereas Sf-AE-21 cells are semi-permissive. These cell lines were tested for their transfection efficiency using the plasmid pAcDZ1, which contains the lacZ gene under the control of a constitutive promoter (hsp70) as a reporter. Plasmid DNA was transfected into the insect cells using both the lipofectin (Life Technologies) and calcium phosphate precipitation methods. The transfection efficiency, defined as percentage of blue cells per µg DNA in the presence of X-Gal, for the S. exigua cell line Se-UCR1 was very low ( 0n1%) compared to Sf-AE-21 cells (100 %). The cell line Se-IZD2109 could not be accurately tested since the cells clump as soon as the transfection reagents are added. In addition, this cell type has endogenous β-galactosidase activity which made assessment of transfection difficult. The clumping of Se-IZD2109 cells during transfection most likely prevents the efficient infection of the cells nested in the interior of the clump by the virus which is applied the next day. Hence, the S. exigua cell lines were considered to be unsuitable for use in transient DNA replication assays. It was therefore decided to perform all subsequent analyses in Sf-AE-21 cells.
Although S. frugiperda is a non-susceptible host for SeMNPV, budded virus (BV) derived from haemolymph of SeMNPV-infected S. exigua larvae or generated in one of the S. exigua cell lines was able to infect Sf-AE-21 cells (Heldens et al., 1996 b) . Polyhedra were observed in 50 % of the cells at 72 h p.i. However, SeMNPV passaged twice in Sf-AE-21 cells was not able to infect new Sf-AE-21 cells (Heldens et al., 1996 b) . Besides all this the transfection of Sf-AE-21 cells is well documented (King & Possee, 1992) . Therefore, the DNA replication assays were performed in Sf-AE-21 cells with BV derived from haemolymph of SeMNPV-infected fourth-instar larvae or from SeMNPV passaged once in Se-IZD2109 cells.
Identification of an SeMNPV ori
To identify regions in the viral genome that can function as oris, a plasmid library harbouring fragments of the SeMNPV genome was tested for the ability of individual plasmids to replicate in SeMNPV-infected Sf-AE-21 cells. This plasmid library contained 16 out of 18 possible XbaI subclones. Fragments XbaI-A and -B were not tested since they are too big, (35n6 and 17n5 kb respectively) to be cloned in pUC19 (Fig. 1) . These DNA replication studies demonstrated clearly that several XbaI fragments gave rise to DpnI-resistant DNA (Heldens et al., 1996 a) , indicative of DNA replication. Preliminary nucleotide sequence analysis (R. Broer and others, unpublished results) suggested that all replicative fragments, except for XbaI-F, contained identical palindromic motifs reminiscent of AcMNPV hrs. This fragment (Se-XbaI-F) had quite distinct sequence motifs compared to other XbaI fragments. Fragment XbaI-F was subcloned as two XbaI-BamHI subfragments using the single BamHI site within XbaI-F and these subclones were designated XbaI-F1 and XbaI-F2 (Heldens et al., 1996 b) (Fig. 1 ). Of these two subclones only XbaI-F2 (m.u. 60n7-62n3) replicated in an infection-dependent manner (data not shown).
To further investigate and better map the ori-active region in fragment XbaI-F2 (3n2 kbp), a more detailed physical map of the fragment was constructed and several subclones were generated using internally located restriction enzyme sites (Fig. 2 a) . The XbaI-F2 subclone and subclones thereof were tested for their replication ability along with pUC19 as a negative control (Fig. 2 b) . XbaI-F2 and the subclones F22, F23, F26, F27 and F28 replicated in SeMNPV-infected Sf-AE-21 cells, while the subclones F21, F24 and F25 did not replicate in the virus-dependent DNA replication assay. This suggested that the ori active sequences were located between the two SspI sites around m.u. 61n4, spanning a region of approximately 800 bp.
To confirm that the ori active sequence of XbaI-F2 was indeed located in the internal 800 bp SspI fragment, this subfragment was deleted from the XbaI-F2 fragment generating clone XbaI-F29. Subsequently, subclones XbaI-F22, XbaI-F27 and XbaI-F29 were tested for their ability to replicate (Fig. 2 c) . Plasmid XbaI-F29 was unable to replicate indicating that the internal 800 bp SspI fragment harbours essential oriactive sequences. These results do not rule out the existence of ori-auxiliary sequences outside of this SspI fragment, since subfragment XbaI-F22 appeared to replicate as efficiently as the entire XbaI-F2 subclone (Fig. 2 b, c) . To prove that the oriactive fragment was not only functional in Sf-AE-21 cells but also in cells derived from the natural host of SeMNPV, fragment Se-XbaI-F27 was tested for replication activity in SeMNPV-infected Se-IZD2109 cells. Fragment Se-XbaI-F27 did replicate in these cells although at a lower efficiency compared to its replication in Sf-AE-21 cells (data not shown). This is probably due to the inefficient transfection and infection process for these cells as described above. 
Sequence analysis of the ori region of fragment
XbaI-F2
The 800 bp internal SspI fragment from Se-XbaI-F2 and about 200 bp up-and down-stream from this fragment was sequenced (Fig. 3) . The SspI fragment contains two small perfect palindromes (P1 and P5) of 10 and 12 nt in size and four imperfect palindromes (P2, P3, P4, P6) varying in size between 11 and 33 nt (Table 1) . Palindrome P2 appears twice in the sequence (P2a and P2b). Palindromes P3 and P2b are located in the left-and right-arm of palindrome P6 respectively. Several direct repeats were also observed (R1-R4), each appearing twice and varying in size from 9 to 19 nt. An internal fragment of repeat R2 (R2-int) appears twice in the sequence. Repeat R3 covers also the left-arm of palindrome P6 and repeat R4 is present once on the plus-strand and once on the minus-strand of the DNA. This complex structure of palindromes and direct repeats strongly resembles the non-hr structure identified in the AcMNPV HindIII-K and OpMNPV HindIII-N fragments Pearson et al., 1993) . The absence of multiple palindromic repeats suggests that this ori is distinct from an hr-like origin.
No open reading frame could be identified in any of the six reading frames in the SeMNPV non-hr. Clusters of transcription factor binding sites are, however, often associated with eukaryotic and viral oris (Heintz et al., 1992) . A number of these transcriptional motifs are present in the 800 bp SspI segment of XbaI-F2 (Fig. 3) . A CCAAT motif (Benoist et al., 1980) , a modified AP-1-binding motif, GTGACT(AA)C (Murakami et al., 1991) , and several TATA boxes were also present (Table 1) . Consensus Sp1 (Briggs et al., 1986) , CRE (Montminy & Bilezkijan, 1987) or MLTF\USF (Carthew et al., 1985) motifs, which have been identified in the non-hr ori of OpMNPV (Pearson et al., 1993) , are absent from the XbaI-F2 fragment of SeMNPV. However, sequences which resemble the recognition site (-CANNTG-) for MLTF\USF and the immunoglobulin M heavy-chain enhancer µE3 (Gregor et al., BFAA Fig. 3 . Nucleotide sequence of the XbaI-F non-hr origin. The sequence is from left to right on the physical map of Fig. 1 . Headto-head arrows represent the (im)perfect palindromic sequences designated P ; solid lines indicate direct repeats (R) ; dashed lines indicate putative polyadenylation signals ; restriction sites are in italics ; putative transcription factor binding sites are indicated by an asterisk (*) ; the sequence designations correspond to those in Table 1 . 1990), -GTCA---G-(opposite strand), are present at positions 206, 620 and 535, 782 respectively, as was found in BmNPV hr, AcMNPV hr and non-hr and OpMNPV hr and non-hr sequences. All the described motifs are interspersed with multiple direct 3h CGA 5h (61 times) and 3h GTT 5h (43 times) repeats. These repeats are present on both DNA strands and appear at a much higher frequency than can be predicted on a random basis.
Origin replication by heterologous viruses
Baculovirus non-hr origins show low sequence homology and distant structural similarity. Because of the similarities in structure but differences in the primary sequence between the non-hr replication origins of SeMNPV and AcMNPV, the ability of the AcMNPV HindIII-K (non-hr) ori to replicate in SeMNPV-infected Sf-AE-21 cells and conversely the ability of the SeMNPV XbaI-F non-hr ori to replicate in AcMNPV-infected Sf-AE-21 cells were examined (Fig. 4) . The SeMNPV XbaI-F fragment showed a low level of replication when transfected into Sf-AE-21 cells infected with AcMNPV and high levels of replication in Sf-AE-21 cells infected with SeMNPV (Fig. 4) . In contrast, the AcMNPV HindIII-K ori replicates at high levels in Sf-AE-21 cells infected with AcMNPV but it does not replicate in Sf-AE-21 cells infected with SeMNPV (Fig. 4) . The absence of replication of pUC19-transfected Sf-AE-21 cells infected with AcMNPV or SeMNPV (data not shown) confirms the specificity of the replication reaction.
Discussion
Data presented in this paper demonstrate that a putative origin of DNA replication (ori) is located on the XbaI-F fragment of SeMNPV. Deletion analysis of this fragment showed that essential elements of this ori are contained in an internal SspI fragment of 800 bp (m.u. 61n4). This ori did not show any sequence homology to known hr-or non-hr-type oris identified in OpMNPV (Pearson et al., 1993 ; , AcMNPV (Pearson et al., 1992 ; Kool et al., 1993 Kool et al., a, b, 1994 , LdMNPV (Pearson & Rohrmann, 1995) or CfMNPV (Xie et al., 1995) . However, there is sufficient structural similarity to the non-hr oris of AcMNPV and OpMNPV (Pearson et al., 1993) to suggest that the SeMNPV ori identified in this paper is a non-hr type ori.
Distinct structural motifs such as perfect and imperfect palindromes, a number of short and long repeats, AT-rich stretches or putative polyadenylation signals and modified transcription factor binding sites were observed in the non-hr oris present in the genomes of OpMNPV (Pearson et al., 1993) and AcMNPV . The length of these putative oris varies in size from 1300 bp in AcMNPV HindIII-K to 4000 bp in OpMNPV (Pearson et al., 1993) and the complexity with respect to the number of different structural motifs present and the frequency with which they appear also differs considerably (Fig. 5) . In addition, the absence of an open reading frame in the SeMNPV XbaI-F nonhr further suggests that it may have a regulatory function in transcription as well. It would also be of interest to see whether the SeMNPV XbaI-F non-hr as well as the AcMNPV and OpMNPV non-hrs have enhancer activity in transcription.
Comparison of the non-hr oris of AcMNPV and OpMNPV (Pearson et al., 1993) with the consensus ori in eukaryotes as proposed by DePamphilis (1993) and the ori identified in the SeMNPV XbaI-F fragment revealed some striking similarities (Fig. 5) . The fact that the primary sequence shows no direct homology, the occurrence of multiple direct repeats, AT-rich stretches and palindromic structures found in the non-hr ori sequences and the absence of multiple palindromic repeats indicative of hrs support the conclusion that the putative ori of DNA replication located on SeMNPV XbaI-F is of the non-hr type.
The complexity and size of the non-hr oris and the relative positions of the various motifs differ considerably among the baculoviruses described here (Fig. 5) . Unlike the hrs, where a core 30 bp palindromic repeat is sufficient for replication activity (Pearson et al., 1992 ; Leisy & Rohrmann, 1993) , in the non-hrs the situation is much more complex (Kool et al., 1994 b) . The relative importance of the various motifs in the replicative ability of AcMNPV and OpMNPV non-hr ori is unclear and needs further refinement. It is unlikely, though, that a consensus ori with respect to essential and auxiliary motifs can easily be derived. Deletion mutagenesis of the AcMNPV non-hr ori (HindIII-K) has already indicated that none of the individual motifs found were essential for replication activity . The variation in the non-hrs may represent differences in the specificity of the replication process (Fig. 4) .
The presence and distribution of structural motifs within ori-active sequences are most likely more important for ori activity than the primary sequence (DePamphilis, 1993) . The overall features of eukaryotic and viral ori-containing sequences suggest that they are able to form multiple hairpin structures, whereas the AT-rich sequences may be involved in DNA unwinding, strand separation and replication initiation (Umek & Kowalski, 1988 ; DePamphilis, 1993) . AcMNPV was able to replicate the SeMNPV XbaI-F2 non-hr ori (Fig. 4) and similar results were reported for a non-hr ori of OpMNPV (HindIII-N) when it was transfected into AcMNPV-infected Sf9 cells (Pearson et al., 1993) . Possibly, AcMNPV recognizes any sequence with structural homology with non-hr oris. However, the ori sequence itself is certainly not the only factor contributing to the replication activity of non-hr oris. It would be of interest to test, for example, an SV40 or herpesvirus ori in AcMNPV-infected Sf-AE-21 cells.
The AcMNPV non-hr ori (HindIII-K) did not replicate in Sf21 cells superinfected with SeMNPV, whereas the SeMNPV non-hr ori in XbaI-F2 did (Fig. 4) . Also, the OpMNPV non-hr ori lost 50 % of its replicative ability in the presence of the AcMNPV helicase instead of the OpMNPV helicase. These results are based on the outcome of virus-independent replication assays, in which the OpMNPV trans-acting factors, DNA polymerase, helicase, LEF1, LEF2, LEF3 and IE1, involved in DNA replication, are supplied on plasmids (Ahrens et al., 1996) . This finding may be explained by the fact that AcMNPV and OpMNPV are more closely related to each other than to SeMNPV and that the trans-acting factors are mutually recognized. On this basis it can be predicted that the AcMNPV non-hr ori (HindIII-K) will replicate in OpMNPV-infected L. dispar cells. If so, non-hr oris would therefore be specific only when the cis-and trans-acting factors match.
This and other reports suggest that non-hrs may be widespread among baculoviruses. It remains to be seen, however, whether they actually serve as oris in vivo. The only evidence suggestive of a functional role for the non-hr oris , OpMNPV (Pearson et al., 1993) and SeMNPV (this paper) non-hr like oris. Arrows (P1-P6) represent palindromic sequences, black boxes (AT) represent putative polyadenylation signals, small triangles (R1-R4) represent repeated sequences and asterisks represent putative transcription factor binding sites. Open boxes indicate the ori auxiliary sequences ; boxes marked ore and due represent origin recognition element and double-stranded unwinding element respectively.
comes from the analysis of defective viruses (AcMNPV) isolated upon serial passage, where the non-hr sequences seem to accumulate (Lee & Krell, 1994) . Detailed fine-mapping of the ori activity, mutagenesis and DNA-protein binding studies need to be performed, to determine the function of the various motifs in the non-hr origins of baculovirus DNA replication.
